The activities of kirromycin oxime, aurodox 2,4-dinitrophenylhydrazone and four 0-derivatives of aurodox have been compared to those of kirromycin (mocimycin) and its natural N-methyl analog aurodox in the in vitro system of E. coli. All synthetic derivatives were able to inhibit protein biosynthesis like the original antibiotics. Moreover, the analogs did promote all the effects of kirromycin on the reactions dependent on elongation factor Tu. From these results it can be concluded that the acidic hydroxyl and keto functions of kirromycin and aurodox are not directly involved in the action of the antibiotics on elongation factor Tu and can, thus, be chemically modified without loss of activity. In most cases, however, derivatization lowered the affinity of the antibiotic for elongation factor Tu. This suggests that the pyridone moiety of kirromycin and aurodox and the first part of its side chain should play a role in the association of these antibiotics with elongation factor Tu.
with EF-Tu7> and this interaction results in a typical series of changes of the elongation factor activity.
Because of this property, kirromycin and related antibiotics have become very precious tools for the investigation of the protein synthesis apparatus (for a review, see Refs. 8, 9) .
These antibiotics are also of interest for a possible use as antibacterial and growth promoting agents',".
In this respect, aurodox has proved superior to kirromycin in vivo, while both antibiotics were found to have essentially the same ability to inhibit protein synthesis in vitro'-")
In this report I have analyzed the biological activity in the in vitro system of E. coli of several synthetic derivatives of aurodox and kirromycin which have been modified at the acidic hydroxyl and keto functions ( Fig. 1 ). All tested analogs were found to cause the same effects as the original antibiotics on EF-Tu reactions thus showing that these functional groups can be chemically modified without loss of the antibiotic activity. MAi HR et al. previously reported that derivatives at the acidic hydroxyl function of aurodox are still endowed with detectable bioactivity in vivo10'.
The preparation of active derivatives of aurodox and kirromycin should provide new opportunities for the use of these antibiotics as antibacterial agents and as tools for the investigation of the protein biosynthesis machinery.
Materials and Methods
Antibiotics Kirromycin (1) was kindly donated by Dr. H. WOLF, University of Tubingen (Germany) and mocimycin (kirromycin) oxime (8) by Dr. C. Vos, Research Laboratories of Gist-Brocades, Delft (Holland). Aurodox (2), aurodox ethyl ether (3), aurodox acetic ester (5) and aurodox tosyl ester (6) were gifts of Dr. J. BERGER, Chemical Research Department of Hoffmann-La Roche, Nutley (N. J., U.S.A.). The analogs 8, 3, 5 and 6 were obtained as described •10). Aurodox derivatives 4 and 7 were prepared by reaction of aurodox sodium salt with iodoacetamide and 2,4-dinitrophenylhydrazine, respectively; details of the preparation and characterization of these analogs will be published elsewhere"). All products were more than 95 % pure as judged by TLC analysis on precoated silica gel plates (60 F-254, Merck, Darmstadt) except kirromycin oxime which was repurified by preparative TLC on silica gel using the solvent system chloroform -methanol, 4: 1 (Rf 0.47).
Other Materials NH,Cl-washed ribosomes, homogeneous elongation factors G (EF-G) and T (EF-T, the 1: 1 complex of elongation factor Tu and Ts), crystalline EF-Tu •GDP and 60Y. pure phenylalanyl-tRNA synthetase, all from E. coli B, were isolated as described •1',111 In most experiments EF-T was used as source of EF-Tu to avoid the addition of GDP to the system').
ATP, GTP, L-phenylalanine, poly(U) and tRNAPl1e from E. coli (1.08 nmole/A,,, unit) were purchased from Boehringer, Mannheim (Germany) and radioactive products from the Radiochemical Centre, Amersham (U.K.). Phe-tRNAPI e was prepared by aminoacylation of tRNAPhe with unlabeled or "C-labeled phenylalanine (486 Ci/mole) as reported'°2.
Assays
All reactions were carried out in TNM 7 buffer (40 mm tris-HCI, pH 7.8; 50 mm NH,CI; 7 mM MgCI2; 2 mm dithiothreitol).
The assays were made essentially as previously described'" and the details of the conditions used in each experiment are reported in the legends to tables and figures.
Units
One icg of EF-G, EF-T and EF-Tu •GDP was taken to be equivalent to 12, 15 and 24 pmole, respectively5•'2; one A,00 unit of ribosomes was equated to 25 pmole132.
Results

Inhibition of Protein Biosynthesis
The ability of the synthetic analogs of aurodox and kirromycin to inhibit protein biosynthesis was (Fig. 2 ). Since the polymerization reaction was carried out in the presence of a rate-limiting amount of EF-Tu, it can be assumed that 50% inhibition is observed when half of the available EF-Tu forms a complex with the antibiotic. Under this assumption, the apparent affinity constants Ka' of each antibiotic for EF-Tu were calculated (Table 1 , first column).
Activation of EF-Tu GTPase Activity
The hydrolysis of GTP catalyzed by EF-Tu is normally associated with the enzymatic binding of aminoacyl-tRNA to messengerRNA•ribosome complexes14). Thus, the reaction requires, in addition to EF-Tu and GTP, ribosomes, aminoacyl-tRNA and the appropriate messenger RNA. Kirromycin and aurodox eliminate these requirements.
In the presence of these antibiotics, EF-Tu can alone catalyze the hydrolysis of GTP and this activity is specifically stimulated by aminoacyl-tRNA or ribosomes5-7 15
All the derivatives of aurodox and kirromycin were found to activate the EF-Tu catalytic center of GTPase reaction. The effect of the various antibiotic species on the reaction is illustrated in Fig. 3 for the system containing EF-Tu and ribosomes. The assay was carried out in the presence of a saturating amount of ribosomes and, therefore, the Ka' of each antibiotic for EF-Tu could be calculated from the antibiotic concentration causing 50% of the maximal stimulation of GTPase reaction (Table 1, second column). The Ka'values were similar to those calculated from the experiment of Fig. 2 ; the slight differences are likely due to the different functional states of EF-Tu in the two reactions. Only aurodox carbarnoyl-methyl ether showed an affinity for EF-Tu similar to that of aurodox and kirromycin; all other derivatives were less effective. The apparent affinity constant of each antibiotic for EF-Tu from E. coli was calculated as the reciprocal of the concentration of free antibiotic causing 50 % inhibition of poly(phenylalanine) synthesis (A), or 50% of the maximal activation of EF-Tu GTPase activity (B) from data of Figs. 2 and 3 , respectively. The concentration of free antibiotic was calculated by subtracting the concentration of antibiotic bound to EF-Tu (0.5 mole/mole EF-Tu) from total antibiotic concentration assuming that all antibiotic species form a l: 1 complex with EF-Tu like kirromycin7). Samples were incubated 40 minutes at 0`C and then analyzed for the amount of EF-Tu •GTP complex retained on nitrocellulose filter (Millipore HAPW 0.45p).
Five minutes before the end of incubation 10 Id of TNM 7 buffer without or with 12 pmole of Phe-tRNAphe were added to the samples.
Results similar to those depicted in Fig. 3 were obtained in the systems containing EF-Tu alone or EF-Tu plus aminoacyl-tRNA (Phe-tRNAPha), except that in the presence of the same amount of factor the rate of GPTase reaction was twelve-and five-fold lower, respectively, than that observed in the experiment of Fig. 3 (data not shown) ",").
Effect on the Interaction of EF-Tu with GTP, GDP and Aminoacyl-tRNA
In the absence of aminoacyl-tRNA, EF-Tu shows an affinity for GDP which is higher than that for GTP by nearly three orders of magnitude and, consequently, free GTP is unable to displace GDP bound to EF-Tu14"°> Kirromycin dramatically increases the affinity of the elongation factor for GTP and allows the exchange reaction to take place in the absence of amino-acyl-tRNA5'7'16'
Aurodox and all synthetic derivatives did promote, like kirromycin, the formation of EF-Tu • GTP complexes from EF-Tu • GDP ( Table 2, Ribosomes were preincubated 10 minutes at 30°C with poly(U) and tRNAPha in order to fill the P site with unacylated tRNAPha 5'. The reaction was started by the addition of the other components.
After 5 minutes at 30°C, samples were analyzed for the amount of Phe-tRNA bound to ribosomes by filtration on nitrocellulose filters").
All values were corrected for the amount of Phe-tRNA bound nonenzymatically to ribosomes in the absence of EF-T (1.2 pmole). 
Discussion
Previous studies in the in vitro system of E. coli have shown that kirromycin and aurodox promote a series of effects on EF-Tu reactions in addition to the block of the release of the factor from the ribosome which is responsible for the inhibition of protein biosynthesis caused by these antibiotics'-',"". In this report, I have investigated the ability of synthetic analogs of these antibiotic to inhibit polypeptide synthesis and to modify EF-Tu activity. None of the effects of the original antibiotics was lost indicating that the acidic hydroxyl and keto functions are not directly involved in the action on EF-Tu.
The only evident result of chemical modifications at these positions was, in most cases, a reduction of the antibiotic affinity for EF-Tu.
Only aurodox carbamoyl-methyl ether displayed the same ability of the natural antibiotics to interact with EF-Tu, while the other 0-derivatives were less effective. This indicates that the presence of an hydrophylic group near position 4 of the antibiotic molecule is required for optimal interaction with EF-Tu.
Kirromycin oxime showed a much lower affinity for the elongation factor than aurodox 2,4-dinitrophenylhydrazone. An explanation of this result is provided by the UV spectra of these derivatives.
As already pointed out by Vos and VERWIEL" the dramatic changes in the spectrum of the former derivative indicate that reaction with hydroxylamine results in a change of the orientation of the pyridone moiety of the antibiotic.
No similar change of conformation appears to occur in the case of aurodox 2,4-dinitrophenylhydrazone which has a UV spectrum very similar to that of aurodoxrr' The observation that modifications of the acidic hydroxyl and keto functions and even the change of orientation of the pyridone moiety only affect the antibiotic affinity for EF-Tu suggests that the main and possibly exclusive role of this part of the antibiotic structure is to contribute to the stability of the antibiotic-EF-Tu complex.
